Human pluripotent stem cells represent a potentially unlimited source of functional pancreatic endocrine lineage cells. Here we report a highly efficient approach to induce human embryonic stem (ES) cells and induced pluripotent stem (iPS) cells to differentiate into mature insulin-producing cells in a chemical-defined culture system. The differentiated human ES cells obtained by this approach comprised nearly 25% insulin-positive cells as assayed by flow cytometry analysis, which released insulin/C-peptide in response to glucose stimuli in a manner comparable to that of adult human islets. Most of these insulin-producing cells co-expressed mature β cell-specific markers such as NKX6-1 and PDX1, indicating a similar gene expression pattern to adult islet β cells in vivo. In this study, we also demonstrated that EGF facilitates the expansion of PDX1-positive pancreatic progenitors. Moreover, our protocol also succeeded in efficiently inducing human iPS cells to differentiate into insulin-producing cells. Therefore, this work not only provides a new model to study the mechanism of human pancreatic specialization and maturation in vitro, but also enhances the possibility of utilizing patient-specific iPS cells for the treatment of diabetes.
Introduction
Islet transplantation has been suggested to be a promising treatment for type 1 diabetes, and human embryonic stem (ES) cells are potentially an unlimited cell source of transplantable islet cells [1] . Moreover, the recently developed strategies for obtaining human induced pluripotent stem (iPS) cells have indicated the possibility of generating functional, patient-specific cell types [2] [3] [4] [5] . Therefore, the identification of new approaches to induce human ES cells or iPS cells to differentiate into insulinproducing cells will enhance the potential for patientspecific cell transplantation therapy in diabetes.
At present, several groups, including us, have reported stepwise protocols for mimicking the mechanism of in vivo pancreas development. These protocols induce definitive endoderm differentiation at the first stage, then pancreatic specialization and maturation at the following stages. A stepwise combination of different growth factors and small molecules was utilized to direct human ES cells to differentiate into insulin-producing cells [6] [7] [8] [9] . In these reported protocols, insulin-positive cells were that exhibited some characteristics of pancreatic islet cells were generated. Most of these cells released insulin and C-peptide, expressed certain islet transcription factors and contained secretory granules [6] [7] [8] [9] . However, these insulin-positive cells mostly exhibited immature islet characteristics such as the co-expression of insulin/ C-peptide and glucagon [6, 7] and low insulin/C-peptide content in the differentiated cells [8, 9] . In general, the differentiation efficiency of the insulin-producing cells derived from human ES cells was quite low and the insulin/C-peptide-secreting level of these cells in vitro was much lower than that of adult human islet cells. Therefore, further efforts are needed to not only improve differentiation efficiency, but also promote insulin-producing cell maturation in vitro.
Here, we describe a highly efficient strategy to direct both human ES cells and human iPS cells to differentiate into mature insulin-producing cells similar to adult islet β cells. The differentiated human ES cells at the final stage secreted C-peptide in response to glucose stimulation in a manner approaching that of adult human islets. Furthermore, the co-expression of C-peptide, PDX1 and NKX6-1 within induced insulin-producing cells was observed in vitro for the first time. Based on this in vitro differentiation model, EGF has been further identified to be important for human pancreatic lineage cell expansion and maturation.
Results

A highly efficient step-wise pancreatic differentiation strategy
We have developed a highly efficient step-wise protocol to direct pancreatic differentiation from the human ES cell line H9 ( Figure 1A) . First, activin A and wortmannin were utilized to induce definitive endoderm formation. The specific marker gene expression patterns in the endoderm were monitored and the expression peaks of Sox17 and Foxa2 were observed on day 4 ( Figure 1B) , at a time when the expression level of Oct4 was rapidly reduced ( Figure 1C) . Moreover, the T marker exhibited a peak expression at day 2 ( Figure 1B) , which indicated the induced endoderm was a definitive endoderm derived from mesendoderm. Furthermore, we checked the coexpression of CXCR4 and SOX17 to confirm the definitive endoderm and the flow cytometry data showed, that the culture at day 4 comprised about >95% CXCR4-and SOX17-double-positive cells ( Figure 1F ). Second, the differentiated endoderm cells were treated with RA, NOGGIN and FGF7 to induce pancreatic specialization. On day 8, the upregulated gene expression of Pdx1, Pax4, Pax6 and Hnf6 was detected ( Figure 1D ), which suggested pancreatic specialization.
After EGF-regulated progenitor expansion, we designed a cocktail of factors to induce the progenitors to mature. The expression of MafA, insulin, Glut2, Nkx6-1, Glucokinase and Tcf1 emerged and reached a peak on day 20 ( Figure 1E ), which indicated the appearance of mature insulin-producing cells. After approximately 20 days of induction, insulin-positive cells were observed and their percentage reached approximately 25% ( Figure  1G ). Compared with the previously reported efficiency of 4.1% or 7.3% for insulin/C-peptide-positive cells as assayed by flow cytometry analysis [6, 7] , our approach resulted in higher efficiency. Moreover, the expression dynamics of most specific β cell marker genes during insulin-producing cell differentiation from human ES cells in vitro ( Figure 1D and 1E) were similar to that of pancreatic β cell development in vivo [10, 11] , suggesting that our protocol recapitulates key developmental stages in human pancreatic β cell specialization. Similar results were observed in another human ES cell line, H1 (Supplementary information, Figure S1 ).
EGF promotes the expansion of induced PDX1-positive pancreatic progenitor cells
During stage 3 in our approach, the population of PDX1-positive cells was observed to be robust. Many PDX1-positive cells co-expressed Ki67, a mitosis marker, which indicated a population of proliferating PDX1-positive cells (Figure 2A ). We also observed the coexpression of PDX1, FOXA2, SOX9 and HNF1B ( Figure  2B ), which is consistent with the observation that the [12, 13] . These data indicate that our approach did successfully induce pancreatic progenitor differentiation from human ES cells.
In order to more efficiently expand the pancreatic progenitors, we screened several growth factors. EGF was found to be able to significantly increase the efficiency of PDX1-positice cells differentiated from induced human ES cells ( Figure 2C , 38.6% vs 12.8%, P < 0.01), which was consistent with our previous study in mouse nuclear-transfer ES cells [14] . We further evaluated the effect of EGF on proliferative PDX1-positive cells and demonstrated that EGF also improved the proliferation of PDX1-positive cells ( Figure 2D , 20.1% vs 6.8%, P < 0.01). These data indicated the important role of EGF signaling in pancreatic progenitor expansion.
The insulin-producing cells from human ES cells display characteristics similar to those of pancreatic β cells
To further characterize the generated insulin-producing cells at the final stage, we examined their gene expression at both mRNA and protein levels. The expression of islet cell-specific marker genes (Pdx1, Glut2, MafA, Nkx6-1, Isl-1 and NeuroD) was clearly detected by RT-PCR ( Figure 3A ). C-peptide co-expressed with PDX1 ( Figure 3B ) and we did not detect insulin/somatostatin co-expression ( Figure 3C ) or insulin/glucagon co-expression (data not shown) in cells, which is consistent with the hormone expression pattern of mature islets.
Furthermore, we checked the gene expression pattern of the key transcription factors for β cells. The crucial transcription factors PDX1 and NKX6-1 were coexpressed with insulin or C-peptide ( Figure 3D ), which confirmed their mature pancreatic β cell characteristics. Therefore, the specific expression pattern of these important pancreatic hormones and transcription factors strongly indicates that mature islet-like β cells had been obtained in vitro at the final stage [11] .
Based on the above findings, we further analyzed the potential of glucose-stimulated C-peptide release, which is one of the most important physiological function indices in β cells. The C-peptide release with KCl stimulation was significantly higher than that with low glucose (9.92 vs 2.75 ng/mg protein, P < 0.005), which indicated that the differentiated cells secreted C-peptide in response to physiological KCl stimulation. Furthermore, C-peptide release by the differentiated insulin-producing cells was increased by high glucose treatment to approximately two-fold over basal glucose stimulation (5.55 vs 2.75 ng/mg protein, P = 0.01), in a manner comparable to that of adult human islet (41.2 vs 16.1 ng/mg protein, P < 0.005) ( Figure 3E ).
Human iPS cells could be directed to differentiate into pancreatic insulin-producing cells
We further attempted to direct human iPS cells to differentiate into insulin-producing cells using this approach. Recently, our lab has developed a highly efficient strategy to generate fully reprogrammed human iPS cells [15] . Based on this technique, we generated a panel of human iPS cells by virally transducing Oct4, Sox2 and Klf4, while omitting cMyc to decrease tumorigenicity risk [16] . The generated iPS cells expressed pluripotency marker genes such as human ES cell line H9, including SSEA4, NANOG, TRA-1-60 and TRA-1-81 (Supplementary information, Figure S2A ). We transplanted these cells into immunodeficient mice and observed the effect of the transplant. Further histochemical analysis confirmed the transplant comprised three germ layers (Supplementary information, Figure S2B ).
The generated human iPS cells were utilized for pancreatic differentiation. Most human iPS cell lines were induced into PDX1-positive progenitor cells ( Figure 4A ) and further differentiated into final stage cells expressing Pdx1, MafA, Glut2 and insulin, which were comparable to the human ES cell line H9 ( Figure 4B) . For a representative cell line C1, after first-stage induction, the expression of SOX17 was initiated ( Figure 4C ). Following the induction process, the differentiated iPS cells were detected to express PDX1 and SOX9 step by step ( Figure  4C ). At the final stage, the expression of PDX1 and insulin was observed ( Figure 4C ) and we also detected several cells expressing Amylase ( Figure 4C ), suggesting pancreatic exocrinal cell differentiation. To further confirm npg the insulin-producing cells, we examined the expression of C-peptide and PDX1. We observed the co-expression of PDX1 and C-peptide ( Figure 4D ). These results suggest that human iPS cells can be efficiently differentiated into pancreatic lineage cells by our stepwise induction protocol.
Discussion
We have established a highly efficient approach for inducing human ES cells to differentiate into mature pancreatic insulin-producing cells in vitro. This culture produced an average of 25% insulin-positive cells as assessed by flow cytometry. On the basis of this approach, we also succeeded in efficiently directing human iPS cells into insulin-producing cells. The successful approach used to produce human ES cell-and iPS cellderived insulin-producing cells opens a new avenue for the use of cell therapy in diabetes in the future.
In this study, it is demonstrated that the characteristics of the insulin-producing cells at the final stage are similar to mature islet β cells in vivo. First, the differentiated insulin-producing cells obtained by this approach expressed most of the crucial β cell transcription factors and functional markers, including Pdx1, MafA, Nkx6-1, NeuroD, Isl-1 and Glut2 ( Figure 3A) . Second, the coexpression of C-peptide, PDX1 and NKX6-1 ( Figure 3D ) was observed in the induced insulin-producing cells in vitro. The co-expression of insulin, PDX1 and other key transcription factors, such as NKX6-1 and MaFA, is considered to be a specific functional characteristic of mature β cells [11] , and has previously been reported only in islet β cells in vivo to our knowledge. Third, these insulin-producing cells at the final stage also could secrete insulin/C-peptide in response to glucose stimulation. The C-peptide release of differentiated cells generated by our approach under glucose stimulation was at approximately 5.55 ng/mg protein, while the corresponding value for adult human islets was 41.2 ng/mg protein ( Figure  3E ). Considering that the differentiated human ES cells comprised around 25% insulin-positive cells, the levels of glucose-stimulated C-peptide release between our differentiated insulin-producing cells and adult human islets were comparable. Moreover, the quantitative PCR-based gene expression profiling demonstrated that the pancreatic differentiation induced by our approach closely parallels the key gene expression pattern of in vivo pancreas development ( Figure 1C and 1D) . Therefore, utilizing this strategy, it was possible to successfully generate mature and functional insulin-producing cells, the characteristics of which are similar to islet β cells in vivo. In our future work, we will transplant the differentiated insulinproducing cells into diabetic immuno-deficient mouse to further evaluate their in vivo function.
In this study, it is shown that EGF effectively expands PDX1-positive pancreatic progenitor cells ( Figure 2C and 2D), suggesting an important role for EGF signaling in human pancreatic progenitor emergence and proliferation for the first time. We previously reported that EGF enhanced the expression of PDX1 from mouse ES cells [14] . An investigation of an EGF receptor knockout mouse model showed that the development of β cells was delayed and inhibited when the EGF pathway was repressed in vivo [17] , which supports our results of in vitro human ES cell differentiation. Altogether, these results suggest a conserved role of EGF signaling in human pancreatic development. In this regard, we also observed a population of cells co-expressing PDX1 with SOX9, FOXA2 and HNF1B ( Figure 2B ). These key transcription factors are reported to form a functional gene expression network in pancreatic progenitor cells in vivo [12, 13] . The same gene expression pattern of human ES cell-derived intermediates generated by our differentiation approach indicates similar characteristics between human ES cell-derived pancreatic progenitors and mouse pancreatic progenitor cells in vivo. Recently, Kroon E et al. transplanted the human ES cell-derived pancreatic endoderm into immunodeficient mice and observed glucose-responsive insulin-secreting cells, suggesting that the in vitro obtained pancreatic precursors could mature in vivo [18] . However, teratoma formation was observed in a small number of cases [18] , which might be related to residual pluripotent cells in transplantation. In our system, we identified a population of pancreatic progenitors by SOX9, FOXA2, HNF1B and PDX1 co-expression, which effectively proliferated upon EGF stimulation and matured into insulin-producing cells in vitro. These expandable progenitor cells could be utilized to explore the surface markers needed to purify this cell population for transplantation in future study, which could then provide another cell source for transplantation.
In summary, we established a highly efficient approach to induce human ES cells and iPS cells to differentiate into mature insulin-producing cells in a chemical-defined culture system. We also demonstrate that EGF facilitates the expansion of PDX1-positive pancreatic progenitors. Using this approach, the obtained differentiated insulinproducing cells exhibited most of the characteristics of mature β cells, including insulin/C-peptide release in response to glucose stimuli in a manner comparable to that of adult human islets. This newly established strategy would not only provide an efficient method to utilize patient-specific iPS cells for the treatment of diabetes, but also facilitate the future study of the mechanism of 
Materials and Methods
Culturing and differentiation of human ES cells and iPS cells into pancreatic β cells
Human iPS cells were generated by transducing the lentivirus containing Oct-4, Sox2 and Klf4 into human fibroblasts [15] . Human ES cells (H9 and H1) and iPS cells were cultured in DMEM/ F12 with 20% KnockOut serum replacement (KSR) containing 10 ng/ml of bFGF on a mitomycin-C-treated feeder layer. For differentiation, ES cells and iPS cells were dissociated into small clumps by 200 U/ml collagenase IV (4 min at 37 °C) and the undifferentiated colonies were collected by sedimentation. The dissociated colonies were plated into Matrigel (BD Biosciences, 1:50)-coated dishes (Falcon) for attachment with a coverage of 60% and then incubated with DMEM/F12 (supplemented with 0.2% BSA (Sigma), 0.5× N2 and 0.5× B27) containing 100 ng/ml activin A and 1 µM wortmannin for 4 days. Then the differentiated cells were cultured in F12/IMDM (1:1, supplemented with 0.5% BSA, 0.5% ITS and 0.5× B27) with 2 µM RA (Sigma), 20 ng/ml FGF7 and 50 ng/ml NOGGIN for 4 days. Then, the cells were cultured in DMEM (high glucose; supplemented with 0.5% BSA, 1% ITS and 1× N2) with 50 ng/ml EGF (Sigma) for 5 days and the cells exhibited obvious expansion and reached nearly 100% coverage. For maturation, another 7-9 days incubation in DF12 media with 1% ITS, 10 ng/ml bFGF, 10 mM nicotinamide (Sigma), 50 ng/ml Exendin-4 and 10 ng/ml BMP4 for maturation was performed. All media and supplement were from Gibco and growth factors were from Peprotech, unless specified as otherwise.
Immunofluorescence assay
The sample cells were fixed in 4% paraformaldehyde and blocked with 10% serum and 0.2% triton X-100 in PBS, and then incubated with primary antibody overnight at 4 °C and further incubated with secondary antibody (rhodamine-labeled goat antimouse IgM, Santa Cruz; FITC or TRITC or Cy5-conjugated donkey anti-rabbit or anti-goat or anti-mouse or anti-guinea pig IgG, Jackson Lab.). The used primary antibodies are as follows 
RT-PCR and quantitative PCR analysis of gene expression
Reverse-transcription PCR and quantitative PCR were performed as described previously [14] . Before reversetranscription, about 5 µg of RNA was digested by RNase-free DNase I (Ambion) to remove genomic DNA contamination. The primer sequences and the length of the product are shown in Supplementary information, Table S1 . Quantitative PCR analysis was performed on ABI PRISM 7300 Sequence Detection System using the SYBR Green PCR Master Mix (TOYOBO). The expression level of each gene at every checkpoint was normalized to the maximal level observed, arbitrarily set as 1. For each sample, at least three independent experiments were performed. The primer sequences and the length of the product are shown in Supplementary information, Table S2 .
Insulin/C-peptide release assay by ELISA
Primary adult human islets were isolated according to a standard procedure used for human clinical trials and provided by Dr Jinning Lou (China-Japan Friendship Hospital). The human C-peptide levels in culture supernatants were measured by Human C-peptide ELISA Kit (Linco). After pre-incubation with KrebsRinger buffer at 37 °C for 90 min, the differentiated cells or adult human islets were incubated with Krebs-Ringer buffer containing 2.5 mM glucose or 27.5 mM glucose or 30 mM KCl at 37 °C for 60 min. Then the respective conditioned supernatant was collected 
Statistical analyses
To determine the percentage of Ki67-and PDX1-positive cells, three independent experiments were performed. We utilized DAPI staining to estimate the amount of total cells. Ki67-or PDX1-positive cells and DAPI-positive cells in the whole randomly selected microscopic fields were counted from at least 10 non-consecutive fields. The percentage of Ki67-and PDX1-positive cells was calculated by dividing the number of Ki67-or PDX1-positive cells by the number of DAPI-positive cells.
All averaged data are expressed ± standard error of the mean unless otherwise stated. Statistical analysis was performed on the data using Microsoft Excel. For comparisons of discrete data sets, unpaired Student's t-tests were used. Significance levels or Pvalues are stated in figure legends.
